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• Biomass can be used as an animal feed or as a bioenergy feedstock.
Introduction
The quest for efficient treatment of wastewaters from piggery operations, which cannot be drained to a centralized wastewater treatment system in a cost-effective manner, is of great interest. Potential technologies for treatment of these wastewaters should be reliable, have low capital cost and low operating cost, and be simple in operation. Anaerobic digestion (AD)-based systems are currently sought after for the treatment of these wastewaters due to the overall inefficiency and the unfavourable operation cost associated with aerobic and physico-chemical based technologies. Some major advantages associated with AD-based systems include the elimination of foul odour, capture of gases, biodegradation of organics and the ability to treat large volume of wastewaters. (Hu, 2013) , and phosphate levels of 620 mg L -1 (Olguín et al., 2003) in ADPE have been reported. This is because currently available technologies for wastewater treatments are not able to ameliorate the large increase in nutrients concentrations postanaerobic digestion (Nwoba et al., 2016; Ogbonna et al., 2000) . Continual discharge of these highly concentrated treated effluents can result in eutrophication of aquatic environments (Carpenter and Bennett, 2011) , with severe potential consequences such as modification of habitat, harmful algal blooms, and development of hypoxic and anoxic conditions (Bonsdorff et al., 2002; Naylor et al., 2000) . Thus, there is a need for new engineering efforts to significantly reduce the nutrient load of ADPE in order to limit the negative environmental impacts of excessive nutrients in wastewaters.
Biological organisms have demonstrated great capacity for removing excessive nutrients arising from secondary treatment of wastewaters (Ji et al., 2013) . Nutrient recovery, wastewater and biomass reuse are the main drivers for the great interest in the use of biological organisms in water pollution control (i.e. wastewater management). Nevertheless, the use of organisms such as bacteria and fungi would require additional carbon sources (Ji et al., 2013) .
Algae (micro-and macro-algae) have been proposed as a practical green solution for wastewater treatment (Neori et al., 2004; Pulz, 2001 ) because of their natural ability to strip away inorganic nutrients especially nitrogen and phosphorous efficiently from wastewaters.
Harvesting of nutrients by algae from wastewater is viewed as a more reliable, responsible, sustainable and less energy intensive strategy for recycling the biologically available nitrogen and phosphorus (Chopin et al., 2012; Neori et al., 2004) . Integrating algal cultivation with piggery effluent management plans can moderate the nitrogen and phosphorus loads in effluent before discharge and indirectly improve farm productivity, reducing their eutrophic contribution. Algae require dissolved nutrients such as nitrogen and phosphorus (waste products from piggery operations) for their growth. Milestones recorded so far from research have positioned microalgae as a leader of renewable biological solution to myriads of environmental issues (e.g. biofiltration of nutrients and CO 2 mitigation). Several species of microalgae, including Chlorella sp., Spirulina sp., Chlamydomonas sp., Scenedesmus sp., Selenastrum sp. etc. have shown potential for use in phycoremediation of municipal, industrial, agricultural and animal manure (including ADPE) wastewaters (Ji et al., 2013) . It is proposed that the produced microalgal biomass could be used for food, feed, energy or the production of fine chemicals (i.e. creates economic incentives for farmers or to spinoff industries).
Microalgae harvesting require substantial amount of energy contributing to high processing cost. Macroalgae, on the other hand, do not require cost-intensive harvesting procedures as they can be harvested through scraping or straining, depending on whether they have been successfully used for the treatment of different wastewater sources such as aquaculture effluent, ash dam water, and dairy and swine manure effluents. In order to achieve a significant reduction of nutrients in ADPE through algal biotechnology, careful selection of macroalgal species is required. Recognition of promising species should be based on high growth rates in such conditions that suggest a high nutrient removal ability (Neori et al., 2004 ) and a tolerance to broad environmental conditions (de Paula Silva et al., 2012), that would allow year-round cultivation. Other characteristics of the target macroalgae should include large nutrient uptake capability, the ability to outcompete biotic pollutions (epiphytes) and pathogens in open culture systems, the ability to grow attached for ease of harvest, and need for local prevalence and some added (or market) value (Kim et al., 2007; Neori et al., 2004) . To the best of authors knowledge, no peer-reviewed information is available regarding the treatment of minimally diluted ADPE using macroalgae.
In this study, local macroalgal species that could efficiently grow in slightly diluted ADPE was bioprospected. In addition, nutrient removal rate, productivity and biochemical composition of biomass of the isolated macroalgae when directly grown in ADPE was investigated under the outdoor climatic conditions of Perth, Western Australia.
Materials and Methods

Collection of samples
Five local species of macroalgae (Spirogyra sp., Rhizoclonium sp., Ulothrix sp., Gayraluia sp. and Cladophora sp., see Figure 1a -e) were collected from five different locations of the Canning River (32˚01′41′′ S, 115˚54′58′′E), Western Australia, using a sponge-like water filter mat (Figure 1f) Only two strains, Rhizoclonium sp. and Ulothrix sp. (Figure 1b , c), survived and successfully grew as a consortium in the artificial culture medium for more than one month and these were used for further studies. The proportion of the Rhizoclonium sp. and Ulothrix sp. in the consortium was 3:1 based on light microscopy.
Anaerobic digestion piggery effluent
The ADPE used for the study was collected from Medina Research Station located at Kwinana, Western Australia (Nwoba et al., 2016) . The research facility employs biological anaerobic digestion pond to treat its wastewater. Despite the anaerobic treatment process, the ADPE still contained high nutrient (nitrogen) load at the point of discharge to the evaporation pond. The ADPE for this study was sourced from the covered AD pond. The ADPE was sand-filtered and used for cultivation of macroalgae without any further pre-treatment (Nwoba et al., 2016) . However, the ADPE was diluted with tap water to reduce the ammonium concentration. Physico-chemical properties of the sand-filtered ADPE were characterised using standard protocols (Table 1 ).
Bioprospecting
Sponge-like water filters (25 cm x 25 cm, Fig. 1f ) were positioned at five locations, 1 km apart upstream from Canning River weir. The filters were collected from the river after three weeks and transported in the river water to the laboratory. The morphological structures of the collected macroalgae species (Fig. 1a- 
Experimental set-up
To test the suitability of macroalgae isolates for nutrient removal from ADPE, the consortium was trialled for feasibility of growth and nutrients removal efficiency from ADPE. The consortium was first grown in Chu 27.5 using a tipping bucket system (as per design depicted in Figure 1g ) and acclimated to outdoor meteorological conditions (as The relative contents of total lipid, carbohydrate, protein, and chlorophyll were determined according to methods described in Moheimani et al. (2013) . The biochemical parameters, carbohydrates, proteins and lipids were analysed and expressed in percent ashfree dry weight (% AFDW).
The photosynthetic activity of the consortium was studied via variable fluorescence cum maximum fluorescence measurements of chlorophyll a using a Handy PEA Chlorophyll
Fluorimeter (Hansatech, UK). This fluorimeter consists of a Handy PEA control and sensor units. The sensor unit consisted of an array of three ultra-bright red light emitting diodes (LED's) that provided the non-actinic measuring light (spectral peak wavelength of 650nm).
The maximum quantum yields in light (F q ′/F m ′) of harvested macroalgae samples were evaluated using the saturation light method (up to 3500 µmol photons m -2 s -1 at the surface of the sample). Samples harvested from treatments were quickly focused and measurements were immediately made. A minimum of three replicates each of fresh samples were used for estimation of the maximum quantum yield.
A diurnal study was carried out by sample measurements at hour 0 (pre-dawn) and hour 13 (pre-dusk) to investigate the photosynthetic response of the macroalgae to the increase in temperature that usually follow high daylight solar irradiance and probable recovery of the photosynthetic apparatus after sunset. A pseudo-replicate that consisted of a minimum three 2 g (wet weight) aliquots of light adapted algae on each sampling time, was dark adapted for 20 minutes (based on preliminary experiment in this study), and the maximum quantum yield (Fv/Fm), which indicates the quantum efficiency of photosystem II (PSII), was measured according to Cosgrove and Borowitzka (2006) . The dark adaptation is significant because it enables the oxidation of electron transport chain and cause all nonphotochemical quenching processes to relax, allowing maximum chlorophyll fluorescence yield to be measured.
Operational condition
The sand-filtered effluent was characterised for ammonia, dissolved oxygen, phosphorus, total alkalinity, chemical oxygen demand (COD), biochemical oxygen demand (BOD), pH and selected metals. Temperature in the cultures treating the ADPE was tracked with an underwater data recorder (Tinytag TG-4100). The culture DO and pH were monitored daily by manual measurements using DO (SevenGo Pro, Metler Toledo) and pH (Aqua-P) meters respectively at 8 am, 12 pm, 3 pm and 6 pm. Measurements of ammonia, phosphorus, total alkalinity, COD, BOD, and metals were carried out using kit methods via a photometer (Spectroquant Move 100).
Bacterial counts were determined at the beginning and end of the experiment using a 
Statistical analysis
The difference between treatments during growth in ADPE was analyzed using a oneway analysis of variance (ANOVA). All measures were expressed in means ± standard error (SE) over the experimental duration and significant differences were declared at 5% probability level. The Duncan's multiple range test was used for testing significant differences in means.
Results and Discussion
Bioprospecting
Five macroalgal species (Figure 1a -e) were observed to attach to the filters, two (2) of which were found to efficiently grow in both Chu 13 and ADPE media while the rest did not survive. These two macroalgal isolates mutually existed together as a consortium and were identified as Rhizoclonium sp. and Ulothrix sp. (Fig. 1b, c) based on light microscopy. These species were among the macroalgae observed to have attached to the sponge-filters at the beginning of the experiment. (Table 2 ).
Ammonium removal rates of the consortium of macroalgae trialled show that they are a potential sink for ammonia in ADPE and excellent candidates for integrated pork farming. This is due to macroalgal capability to survive and efficiently grow, under conditions similar to pond-based piggery wastewater treatment. Removal of ammonium from the growth medium was largely due to nutrient uptake by the macroalgae, considering that the decrease in ammonium level in the negative control was negligibly small (removal rate = 3.21 mg L -1 d -1 ). However, the negative (no alga) control experiment further reveals that uptake of ammonium by the algae is not the only direct pathway for ammonium removal from ADPE,
showing that ammonium removal is not entirely biological. The exact role of alternative routes for ammonia removal was not studied in this experiment. Volatilization, annamox, and denitrification are potential alternative routes for ammonium removal because the receiving vessels for the ADPE medium were unmixed although the DO did not go below 6 mg O 2 L -1 .
Besides ammonium uptake by macroalgae, the growth of microalgae was also responsible for ammonium removal due to their dominance in the experimental set-up (including the no alga control) after three days of cultivation. Based on the results, it is reasonable to assume the possibility of achieving even higher ammonium tolerance and removal rates under careful adaptation and optimized conditions. Assimilation of NH 3 (and Hence, for macroalgae to be suitable for an integrated piggery effluent management plan, such algae must be robust to achieve efficient ammonium removal and tolerate the wastewater conditions. In addition, it was observed that the consortium tolerated broad environmental conditions prevalent in the ADPE ponds. In practice, this study shows that growth of the macroalgae consortium in ADPE would require dilution with freshwater (which is increasingly scarce) to reduce the ammonium content, since the algae could not survive that would involve first treating the undiluted ADPE with the microalgae consortium to reduce the ammonia content to a level that the macroalgae consortium can be used to polish the effluent.
Biomass productivity
The biomass productivity of the consortium in the different ADPE-based medium is shown in Table 2 . The biomass productivity obtained from the treatment in ADPE 150 (33.7 ± 1.26 g AFDW m -2 d -1 ) was 1.14 times higher than ADPE 248. (Table 2 ). However, no difference was found between the macroalgal productivities at ADPE 55, 150, 199 and Chu 55 (Table 2) . Moreover, at ADPE 248, the biomass productivity (29.6 ± 0.58 g AFDW m -2 d ecotechnological application of these algae. Significantly higher macroalgae biomass productivity was achieved at ADPE 150 compared to ADPE 248. However, no significant difference was found between the ammonium removal rates between these treatments.
Generally, biomass is proportional to nutrient removal rate since the nutrient can be uptake by macroalgae biomass for their growth. Such contradicting outcome could indicate two potential scenarios. The first scenario can be higher productivity at ADPE 150 due to less ammonium toxicity when compared to ADPE 248. The alternative scenario can be due to the other potential microbial reactions such as nitrification and de-nitrification during cultivation.
It is to be noted that the ADPE tested in this study was not sterilised prior to macroalgal growth. Clearly, there is need for further studies to clarify some of these contradicting outcomes.
Biochemical composition of biomass
The variation of the biochemical contents (total protein, carbohydrates, and lipids) of the consortium biomass is shown in Table 2 . The total protein content (43.4 -45.0% AFDW)
of the consortium grown in ADPE did not vary with ammonium concentration applied.
Similarly, the protein content of biomass from the Chu 13 medium was not significantly different (p>0.05) from those grown in ADPE. The protein content of the consortium was within the range of 10-47% dry weight (DW) reported for red and green seaweeds (Wong and Cheung, 2000) . Furthermore, the results demonstrate that the protein content of the algae was independent of the concentration of ammonium applied within the experimental conditions. This outcome was contrary to expectation since the highest ammonium concentration (248mg NH 4 + -N L -1 ADPE) tolerated by the consortium produced similar protein content, revealing that the protein content of the consortium is not directly dependent on the ammonium concentration.
Carbohydrate represented the major biomolecule found in the biomass and ranged between 42.8% AFDW and 54.8% AFDW ( Table 2 ). The total carbohydrate content of the Marine species also showed higher biomass productivity than freshwater species with very low lipid productivity in both marine and freshwater macroalgal species.
Chlorophylls content of the consortium grown in ADPE
Here, chlorophylls a and b contents were found to increase with increasing ADPE concentration ( Table 2) (Table 2) .
Chlorophyll a is one of the light harvesting pigments found in all algae and plays a fundamental role in photochemical energy transformation in photosynthetic organisms.
Chlorophyll b is a photosynthetic accessory pigment that participates efficiently in photosynthesis (Kuczynska et al., 2015) . Under light limiting conditions (as found in the ADPE treatments due to dark colour of the effluent which significantly reduced light penetration), algae increase the amount or size of their photosynthetic units (PSUs), which are composed of light harvesting molecules (e.g. chlorophyll) (Vadiveloo et al., 2015) . A plausible explanation to this phenomenon is that algae increase the size or number of their PSUs in order to compensate for the limiting light through enhanced capturing of the incident natural light and transferring them to the reaction centers (RCs). This invariably means that the maximum rate of photosynthesis will be achieved under limiting light conditions thereby increasing the efficiency of the light harvesting units. Therefore, this serves to explain the higher chlorophylls a and b contents in treatments with ADPE, and clearly shows that the macroalgae have the ability to acclimate to low light levels occasioned by the dark nature of the effluent.
Furthermore, pigments are affected by the nitrogen status of algae. Reports have
shown that the chlorophyll a content of algae increases with increase in their cellular nitrogen (Fogg and Thake, 1987) . The pigments content of macroalgae can decrease because of growth and insufficient availability of nitrogen for sustained biosynthesis (Kim et al., 2007) .
Considering that in the high ammonium treatments (e.g. highest during the pre-dawn and this was followed by a decrease at hour 06 and further decrease at noon, revealing that the algae started experiencing stress (Fig. 4b) . Under light adaptation (Fig. 4a) , the effective quantum yield (Vadiveloo et al., 2016) , Fq′/Fm′ values of the treatments remained low throughout the midday period while the pre-dusk measurement showed that the values were similar to the pre-dawn . However, values were found to recover to be highest at pre-dusk when solar irradiance and subsequently temperature decreased (Figure 4a-b) . The rapid decrease in Fv/Fm during the midday solar irradiance indicated a high degree of photoinhibition. In other words, the decrease in Fv/Fm at midday would be probably due to photoinhibition at PSII and regular photoprotective mechanism, but was not due to variations in the nutritional status of the culture. The high values of Fv/Fm obtained at pre-dusk means that the photosynthetic machinery was able to recover from solar-induced photodamage by ultra violet (UV) radiation. Wavelengths in the UV range of electromagnetic spectrum have been found to be lethal to photosynthetic processes because of their ability (due to high energy content) to destabilize molecular bonds and genetic machinery of organisms (Rozema et al., 1997) . PSII is the most sensitive photosynthetic apparatus that is prone to damage by elevated temperature and irradiance (Beer et al., 2000) . The data reveals that this consortium is robust and tolerant to the confounding variables of high temperature, solar radiation and ammonium concentration, with the Fv/Fm inversely proportional to the available solar radiation.
Conclusion
The current study indicates the ability of Rhizoclonium sp. and Ulothrix sp. to diminish significantly the ammonium concentration in high ammonia ADPE and recover the quality of the water. The result of the design using this consortium reveals that it is possible to develop a better ecotechnologically sound practice that is sustainable for pork production effluent. The consortium showed potential as an efficient ammonium nitrogen pump while at the same time generating significant amount of biomass that could be suitable for animal feed or bioenergy. NA, not applicable. 
